[1] A model has been developed to calculate the perturbed magnetic field at various ground-based magnetometer sites using the output of the ionospheric currents from the Lyon-Fedder-Mobarry Global MHD code. The model uses the computed ionospheric currents and the height dependence of the electrojet current above the ground, by evaluating the penetration depth of the precipitating energetic electrons, to calculate the perturbed magnetic field on the ground using Biot-Savart's law. By applying the model to the 10 January 1997 magnetic storm event we have calculated the perturbed magnetic field for four magnetometers and compared with observations. The comparison shows reasonable agreement between observations and simulations. The model including the dependence of the current sheet height on the precipitating electron energy reduces 10% error compared to the model with fixed current sheet height. The limitations of the global MHD model in calculating perturbed ground magnetic field are also discussed.
Introduction
[2] On 10 January 1997 a magnetic cloud produced a major geomagnetic storm. This storm was the first solar terrestrial disturbance whose temporal development was followed from its solar source and its subsequent effects on the magnetosphere and ionosphere using the entire suite of resources of the International Solar Terrestrial Physics (ISTP) program. The SOHO Large-Angle Spectrometric Coronograph (LASCO) experiment observed the CME expanding from the solar surface apparently toward the Earth on January 6. Early on January 10, WIND first observed the (CME associated) magnetic cloud, which produced a complex magnetic storm lasting 22 hours.
[3] Global MHD simulations that include ionospheric response and are dynamically driven by upstream satellite data allow for direct comparison with the field and flow quantities measured by detectors on magnetospheric satellites, ground-based instruments and images from the Polar satellite. Using the Lyon-Fedder-Mobarry (LFM) Global magnetohydrodynamic (MHD) simulations, the group at Maryland (Goodrich, Wiltberger, Lopez, and Papadopoulos) in collaboration with J. Lyon from Dartmouth College, simulated the 10 -11 January 1997 storm event. The simulation was initialized using upstream Wind satellite data. Forty-eight hours of real-time development of the geomagnetic activity in the magnetosphere and ionosphere were simulated. The results of the three-dimensional (3-D) MHD simulation of this event and its consequence on the magnetosphere and ionosphere have been presented by Goodrich et al. [1998a Goodrich et al. [ , 1998b , Papadopoulos et al. [1999] , and Lopez et al. [1999] . The simulation results agreed well with ground-based and geosynchronous satellite observations. They showed that during the period of southward interplanetary magnetic field (IMF) the ionospheric activity was strongly correlated with the solar wind density variation. It was concluded that both the solar wind magnetic field and ram pressure are important in determining the structure of the magnetosphere and the activity in the ionosphere during the 10-11 January 1997 magnetic storm. In the present work we have used the time history of the ionospheric currents computed by the ionosphere module of the LFM code to develop a model for calculating the time history of the perturbed magnetic field at various groundbased locations to compare with magnetometer data.
[4] We first briefly outline some relevant parts of the code that facilitate the understanding of our model. In the LFM Global MHD model [Fedder et al., 1995b] , at the inner boundary located at 2 -3 R E from the Earth, the parallel current density J k is computed at each instant of time. This parallel current is mapped into the ionosphere along unper-turbed dipole magnetic field lines. The height-integrated current continuity equation yields the perpendicular current density (both Hall and Pedersen) in the ionosphere. By using semiempirical models for the conductances the electrostatic potential is computed. The contours of constant electrostatic potential are streamlines of flow in the ionosphere. The ionospheric solution for electric field is mapped back to the inner boundary of the MHD model and is used to define the boundary condition for the plasma velocity via E ! Â B ! velocity. Kisabeth and Rostoker [1977] showed how threedimensional current systems associated with magnetospheric substorms can be used to quantitatively evaluate the magnetic field perturbation at any location on the ground. In this paper, following a similar approach using the Biot-Savart law, we model the perturbations of magnetic field produced at various locations by the 2-D ionospheric current system. One important novel feature of our model is to evaluate the instantaneous height of the 2-D current system by using the energy of the precipitating electrons to calculate the penetration depth and hence the position of the auroral electrojet.
[5] Using Fukushima's theorem [Fukushima, 1976] , Raeder et al. [2001] reduce the three-dimensional BiotSavart integration to a two-dimensional integration over the ionospheric toroidal (equivalent) current. Under the assumption that the ground magnetic field perturbation produced by the field-aligned current and by the poloidal part of the ionospheric current cancel, the ground magnetic field perturbation can be obtained by applying BiotSavart's law with ionospheric toroidal current [Raeder et al., 2001] . In our current model the ground magnetic perturbations are calculated by applying Biot-Savart's law with the ionospheric shell current. The contribution to the ground magnetic field perturbations from the field-aligned current is neglected. The instantaneous height of ionospheric current sheet at each grid point is calculated from the energy of the precipitating electrons and incorporated into Biot-Savart's law. This will reduce error compared to the model using fixed current sheet height. Another difference between our work and the works by M. Wiltberger et al. ( Results from the Lyon-Fedder-Mobarry global magnetospheric model for the electrojet challenge, submitted to Journal of Geophysical Research, 2001 ; hereinafter referred to as submitted manuscript, 2001) and Raeder et al. [2001] is that, for the magnetic storm event studied in this paper, the ground magnetic field perturbations are produced by solar wind density pulses during a long period of strong southward IMF. While in the works of Wiltberger et al. (submitted manuscript, 2001) and Raeder et al. [2001] , the ground magnetic field perturbations are produced from a typical magnetic substorm event due to the southward turning of the solar wind IMF and the evolution tracks the growth phase, expansion phase, and recovery phase. For the event studied in this paper, under long period of strong southward IMF, in responding to the solar wind density pulse, the ground magnetometers show large perturbations of magnetic field (600 to 1500 nT). The long-period envelop of these large-amplitude perturbations can be directly related to the increase of solar wind ram pressure. There are also large-amplitude spikes of period 10 to 15 min in oscillatory format added on top of the envelop. The model presented in this paper can reproduce the long-period envelop of the ground magnetic field perturbations with smaller amplitude. These long-period baseline perturbations can be attributed to the perturbations in the ionosphere current flowing within the two-cell convection system. However, our model could not reproduce the large-amplitude spikes of 10-15 min duration.
[6] In the following section, we will first very briefly describe the global MHD model we used in our simulations. Next, the ionosphere module used with the MHD code is discussed. Then, using the Biot-Savart's law, the model for computing the perturbations of ground magnetic field is developed. Here we will also show how the electron energy dependence of the ionospheric auroral electrojet height is calculated. In section 3, the general response of the ionosphere electric potential for the 10 January 1997 magnetic storm event will be described. Then, with the model we have developed, the perturbations of the magnetic field at four ground stations will be presented and compared with magnetometer observations. Finally, we summarize our work.
Simulation Models

The Lyon-Fedder-Mobarry Code
[7] The Lyon-Fedder-Mobarry (LFM) 3-D MHD simulation code [Fedder and Lyon, 1987; Fedder et al., 1995a Fedder et al., , 1995b Mobarry et al., 1996 ] models the solar wind, the magnetosphere beyond 2 -3 R E and the coupling of the MHD solutions to an electrostatic model for the ionosphere. The code solves the MHD equations within a large cylindrical region 50 R E in radius and 360 R E long [Goodrich et al., 1998a] . The front inflow boundary is at x = 30 R E . The inner boundary is at (x 2 + y 2 + z 2 ) = 2 R E , where x, y, z are the solar magnetospheric coordinates. The simulation was performed in the Solar Magnetic (SM) coordinate system allowing for the tilt of the Earth's magnetic dipole relative to the solar wind flow direction to be included. Outflow conditions are imposed on the downstream boundary. Elsewhere, external boundary conditions were specified using Wind solar wind data propagated appropriately to the front and cylindrical sides of the grid. The propagation of the Wind solar wind data to the front side of the grid in the LFM model is described in detail by [Wiltberger et al., 2000] . In general, the structure of Faraday's law for ideal MHD prevents advection of components of the magnetic field that are not transverse to the flow direction. We assume B X (t) = a + bB Y (t) + cB Z (t), where a is in nanoteslas and b and c are scalars without dimension. Then we have effectively created a new normal
is a scaling factor. This allows a time dependent B X to be introduced into the simulation by sweeping updates of the solar wind parameters across the front boundary. For the 10 January 1997 magnetic storm event, the simulation was run with a = À4.38 nT, b = 0.0916, c = 0.4486.
[8] We discuss the ionosphere module in more detail since it is relevant to our present studies. In the LFM Global MHD model [Fedder et al., 1995b; Slinker et al., 1999] , at the inner boundary located at 2 R E from the Earth, the parallel current density J k is computed at each instant of time. This parallel current is mapped into the ionosphere along unperturbed dipole magnetic field lines. The height-integrated current continuity equation yields the perpendicular current density (both Hall and Pedersen) in the ionosphere. By using semiempirical models for the conductances [Robinson et al., 1987] , the electrostatic potential is computed. The basic 2-D current continuity equation is
with È the ionospheric potential, AE the height-integrated anisotropic conductivity tensor, and J k the field-aligned current. The conductance tensor has both Pedersen and Hall components, whose values consist of two contributions. The first contribution is from the steady solar EUV flux and the second contribution is due to the particle precipitation in the auroral region. The latter contribution is from the empirical model developed by Robinson et al. [1987] . The detailed empirical model for calculating the anisotropic conductance tensor in LFM was presented in [Fedder et al., 1995b] . Here, we restate the calculation briefly since some equations will be referred to in section 4.
[9] According to Robinson et al. [1987] , the auroral contributions to the Pedersen and Hall conductivities can be calculated using the empirical method:
where E and f are the energy and flux of the precipitating electrons. E is in keV; f is in 1/cm 2 s, and dAE P and dAE H are in mhos. Note that equations (2) and (3) are dimensionally different from that used by Robinson et al. [1987] .
[10] The energy and flux of precipitating electrons in the LFM are determined from the MHD quantities within the inner most grid cells. First, a provisional set of energy, E o and flux, f o , values are determined from sound speed, c s , and density, r using
where c s is the sound speed at the inner boundary of the magnetosphere. Typically, it is over 100 km/s as it corresponds to the plasma temperature in the plasma sheet.
The parameters a and b are chosen constants that map the magnetospheric plasma thermal flux and energy from the MHD inner boundary to the inner ionosphere. In our simulation, a = 1.25 Â 10 À15 given that E o is in keV and c s is in cm/s; b = 2.0 Â 10 29 given that r is in g/cm 3 and f o is in 1/cm 2 s.
[11] The field-aligned electric potential energy between the ionosphere and the innermost MHD mesh cell boundary is defined as
Here, j k is the field-aligned current in the inner MHD mesh cells and R is a scaling factor for the potential drop and includes an ''effective resistivity'' to field-aligned current.
In our simulation, with j k in A/m 2 , r in g/cm 3
, and E o in keV, the factor R is taken to be 1.88 Â 10 À17 for the current out of the ionosphere and R = 3.76 Â 10 À18 for the current into the ionosphere.
[12] The flux of precipitating electrons is modified to include the effects of field-aligned potential drops and geomagnetic mirroring. It's defined as
While the energy of precipitating electrons is simply
The total ionospheric conductance is taken as the square root of the sum of the squares of the EUV conductance and the auroral conductance. The 2-D height integrated ionospheric current density is
For the calculation presented in this paper, the three parameters a, b, and R are supposed to be given and kept constant. The ground magnetic field perturbations are calculated from the ionospheric current density and the energy of precipitating electrons that are available from the simulation.
Modeling Perturbed Magnetic Field
[13] The perpendicular current obtained from equation (10), is specified on a spherical shell with an angular range from 45 degrees to 90 deg in latitude (solar-magnetosphere coordinate) for each hemisphere. The contributions from the field aligned current to the ground magnetic field perturbations are not included. To calculate the perturbed magnetic field produced by the ionospheric current, we implement the generalized form of Biot-Savart's law [Kisabeth and Rostoker, 1977 ]
Since the ionospheric current in our case is 2-D ( J ! ð r ! Þ has been height integrated over the thickness of the current sheet), the integral is calculated on the spherical shell d 2 r ! of the current sheet. Here, r ! 0 is the position of the station site in SM coordinates, where the perturbed magnetic field is computed and r ! e ð Þ denotes the position of the ionospheric current sheet in SM coordinates. The height of the ionospheric electrojet changes in time and is determined by the energy of the precipitating electrons. The precipitating energetic electrons ionize the neutrals and are finally stopped when they lose all their energy in the ionization process. The more energetic the electrons are, the deeper they penetrate into the atmosphere. Thus r ! e ð Þ can be expressed as
Here R E is the radius of the Earth and h(e) is the energydependent height of the electrojet current. From the LFM code we get a time history of the energy of the precipitating electrons at each grid point. Knowing the instantaneous energy of the precipitating electrons we can now calculate the desired height of the 2-D electrojet current sheet at each grid point.
[14] According to [Milikh et al., 2001 ], the energy balance of electrons flowing downward along the field lines and ionizing the neutral atmosphere is given by
where s ion (in cm 2 ) is the ionization cross section, while e ion is the energy loss per ionization, which is typically 35 eV [Rees, 1989] and N n is the neutral density. In an exponential atmosphere N n $ e Àz/L where L is the density scale height. Here, we take L = 10 km. The ionization cross section of air by electrons in the energy range e < 20 KeV is described with sufficient accuracy by the following interpolation formula [Gurevich et al., 1997] 
where e m = 110 eV corresponds to the peak of s ion .
[15] By substituting equation (14) into equation (13) and integrating while taking into account that in the energy range provided by the LFM model, 1000 eV e 20000 eV, e/e m ) 1, we find that the air density at the penetration altitude (z p ) is
where e is in eV.
[16] Using the U.S. Standard Atmosphere (1976), we have computed the penetration altitude z p for different electron energies e. The resulting dependence of penetration altitude z p on energy e is plotted in Figure 1 . After penetration altitude z p is obtained, the energy-dependent height of the electrojet current h(e) is calculated as h(e) = z p + dz/2, where dz is the thickness of the ionization layer and can be approximated as dz = L = 10 km.
[17] Thus knowing the height dependence and the current density of the electrojet we can use equation (11) to compute the magnetic field at any location B ! r ! 0 Þ À in the SM coordinate system as a function of time. The integral is discretized into a summation over all the grid points. Figure  2 shows the grid configuration. Figure 2 The nonuniform grids of the global MHD model have been mapped into the uniform grids in polar coordinate as shown in Figure 2 . The adjacent longitudinal ( j, j ± 1) and azimuthal (i, i ± 1) lines are two degrees apart, respectively. The longitudinal lines ( j, j ± 1) converge at the northern pole. The points (i ± 1/2, j ± 1/2), and (i ± 1/2, j Ç 1/2) are at the center of each grid. For grid point (i, j), its contribution to the integral is calculated within the area formed by the dotted lines. We assume same current sheet height and uniform horizontal current inside the area formed by the dotted lines. The integration is evaluated by summing over all the grid points.
[18] We then calculate the magnetic field in the local observational coordinate system ðr 0 ;q;f 0 Þ of the desired station as
Here, H is the component that points toward the north magnetic pole, D points eastward and Z points down toward the center of the Earth. Finally, to account for the contribution from the current induced in the ground, the calculated magnetic field is enhanced by a factor of 2. The factor of 2 is justified if the earth surface is treated as an infinite conductor, which is valid for processes, which have a slow timescale variation. For MHD timesscales this is particularly justified. We hasten to add that the individual component of the magnetic field will be strongly influenced by the 
, the Z component and the total field
Á with ground-based magnetometer data. [19] In this section we compare the time history of the perturbed horizontal, Z and total magnetic field computed using equation (11), to the data from four high-latitude magnetometers. The time period we investigated was from 0600 to 1300 UT on 10 January 1997. During this interval the interplanetery magnetic field in the solar wind was mainly southward and quite steady. The ionospheric activity was strongly correlated with the solar wind density variation. Figure 3 shows the solar wind condition observed by the Wind satellite. Figure 3 All the vector components are in GSM coordinates. Vy and Vz are not plotted because they are in the range of À50 to 50 km/s. The solar wind velocity is quite steady for the time interval of interest. The solar wind experienced a density increase between 0630 and 0830 UT. There was another large solar wind density pulse around 1030 UT. Owing to the time delay for the solar wind to arrive at the magnetopause from the Wind satellite, and subsequent propagation into the magnetosphere, the two major perturbations observed in the ionosphere triggered by the density pulses occurred in the interval between 0700 and 0900 UT and around 1100 UT.
Simulation Results
[20] The geographic and magnetic coordinates for the four magnetometers stations used in our comparison are listed in Table 1 .
[21] Figure 4 shows the northern polar cap potential contour plots obtained from the simulation. The interval between two adjacent potential contours is 25 kV. Solid lines depict the positive potential, and dashed lines depict the negative potential. Since the interplanetary magnetic field is southward, the ionospheric potential contour plots show the characteristic two-cell pattern. Four snap shots are picked to present the typical behavior of the ionosphere. In each panel the four magnetometer sites are marked with four symbols, respectively. The labels below the plots idetify each symbol with one of the four stations. Here, we note that the electric potential calculated from the global MHD model is $2 to 2.5 times larger than the value derived from semi-empirical models during the time interval we are interested. The discussions about this discrepancy are given in section 4.
[22] In Figure 4 , at 0605 UT, as a result of long period of southward IMF, the two-cell pattern in the ionosphere is fully developed. The cross-polar cap electric potential (maximum-minimum) is $270 kV. AT 0804 UT the perturbation caused by the increase of the solar wind density arrives in the ionosphere. The magnitude of electric potential is enhanced significantly. The cross-polar cap potential reaches $375 kV. The enhancement of the ionospheric electric potential lasts until 0930 UT. At 0956 UT the ionospheric electric potential recovers from the perturbation. During this time period, the solar wind conditions are roughly steady for $1 hour. The large-density pulse observed by Wind satellite at $1030 UT has its effects in ionosphere at $1100 UT. The panel for 1102 UT shows the corresponding enhancement of the ionospheric potential. For the four magnetometer sites, Gakona is at low SM latitude and remains mainly on the night side sampling the overhead current associated with the negative potential cell and subsequently the positive cell. Also, during the entire period this station is at the boundary of the auroral oval. On the other hand, Sondre Strom, Iqaluit, and Rankin Inlet sample the current mainly inside the positive potential cell.
[23] Applying the model developed in section 2.2, we calculate the magnetic field perturbations for the four magnetometer sites. Figure 5 shows the precipitating electron energy calculated from the global MHD model at sites right above the four locations. The precipitating electron energy is less than 20 keV. The time interval when the increase of precipitating electron energy occurs is well correlated to the period when the solar wind density pulse occurs. The derived penetration altitude above the four locations is presented in Figure 6 . During quiet time the penetration altitude is around 130 km and during active time interval, the penetration altitude is around 100 km. 
, the Z component and the total perturbed magnetic field
(all in nanoteslas) between observations and simulations for the four different locations. In each of these figures we show the time history of the magnetometer data (solid line), the numerically computed data with fixed electrojet current sheet height (dashed line) and the numerically computed data with the height-dependence included (dotted line). The original simulated results for Gakona lagged behind the observations for $15 min. We searched inside the 400 km Â 400 km grid cell, and Figure 10 presents the closest match.
[25] For Sondre Strom, Iqualuit, and Rankin Inlet the simulation results are in reasonable agreement with observations for the temporal behavior of both the horizontal and the total perturbed magnetic field. The two density perturbations which induce events that occurred between 0700 and 0900 UT and around 1100 UT are captured at these three sites. However, the calculated magnitude is smaller for these perturbations, especially around 1100 UT. We speculate that two factors contribute to the underestimation of the perturbed magnetic field. The first factor is that due to the lack of a realistic ring current model, the region 2 model current is not well developed and the modeled ground magnetic field perturbations is small. In other words, the direct effects of the density pulse in the solar wind on the magnetosphere are on the day side reconnection, the compression of the magnetosphere and the tail lobe reconnection. All of these will contribute to enhance the field-aligned current which feeds into ionosphere. This is simulated by the global MHD model. The region 2 current is expected to be enhanced and be closed with ring current in the magnetosphere. However, in global MHD model the ring current is not included and region 2 current is not fully developed. Therefore the modeled total ionospheric current is not large enough to produce the observed magnitude of the perturbations. Another factor contributing to the underestimation is the neglecting of two-fluid effects in the global MHD model. During the expansion phase, strong dipolarization of the stretched field lines occurs on the nightside of the magnetosphere. The field lines that move rapidly toward the Earth carry the plasma with them. These processes can be well represented by the MHD model. However, in the inner tail where the electrons drift in the gradient of B direction dominates, a strong polarization electric field develops because of the large difference in the Larmor orbits of the electrons and ions. This electric field maps into the ionosphere, giving rise to the westward drift of the ionospheric plasma. Since the production of the polarization field is strictly a two-fluid effect. Thus the MHD model underestimates the westward drift flow.
[26] For the Z component the model can only capture the average trend of variation for Sondre Strom, Iqualuit, and Rankin Inlet. The simulated Z component misses the variations shown in the observation for the time interval 0700 to 0900 UT. It captures some signatures of the variation that occurred around 1100 UT. The comparison for Z component magnetic field does not seem to be as good as that for
. This is because that the calculation of the Z component magnetic field is affected more by the limited resolution of the ionosphere model than the horizontal component of the magnetic field. In our calculation the current in the overhead grid cell produces mainly horizontal magnetic field perturbations. The Z com- ponent magnetic field is produced by the ionospheric currents in the grid cells that are farther away from the ground station. With current resolution of grid size 400 km Â 400 km, assuming uniform current in the overhead grid smoothes the current and excludes any localized feature which may contribute to the perturbation of the Z component magnetic field.
[27] There are fine structures of duration 10-15 min in the magnetometer data. These spikes are of large magnitude. Global MHD simulation is unable to capture these features. We speculate that they could be produced by local auroral arcs, which are not present in the global MHD ionospheric model. Besides this, some mismatch in the timing between the model and observations is apparent. The agreement is poor for Gakona, which is located at a low SM latitude (N63.12). The observed large perturbations occurring around 1100 UT is totally missed. We speculate that it is produced by local auroral arc. Our calculations show that a perturbation occurs around 1140 UT. This is the simulated response to the second solar wind density pulse at Gakona. Gakona is near the lower boundary of the ionospheric model and the nonuniform grid size is larger compared to that at high latitude (see Figure 2) . Thus the reduced resolution and boundary condition leads to worsening the comparison between the observed magnetometer data and the calculated data.
[28] In order to compare the performances of the model including height dependence of the current layer to the model with a fixed current sheet height, we define the root mean square error (RMSE) as the error measure of our prediction.
Here, X is the one of the components of the ground magnetic field perturbations. N is the data points in the interval from 0600 to 1300 UT on 10 January 1997. The resulting error ratio between these two models is tabulated in Table 2 .
[29] For Sondre Strom and Iqaluit the inclusion of the height dependence improves the comparison with the ground data for horizontal and total magnetic field. The error ratio is reduced by more than 10%. For Z component, including height dependence doesn't improve the prediction. In our calculation, the Z component of the ground magnetic field perturbation is produced by the grids that are not right above the station and their distance to the ground station is less affected by the current sheet height. For Rankin Inlet we note that the poor performance of the height-dependent model mainly appears after 1130 UT. However, neither of the models compares well with observations after 1130 UT. If we change the time interval to from 0600 to 1130 UT to calculate the error ratio, then the error ratio between the height-dependent model and the height-fixed model for Rankin Inlet is 0.98 for the
component, 0.89 for the total magnetic field, and 0.96 for the Z component. The error is reduced by 10% with the height-dependent model for the total magnetic field. For Gakona the comparison itself is poor, we do not expect the height-dependent model to improve the results.
Discussion
[30] The electric potential presented in Figure 4 , which is calculated from the global MHD model, is $2 to 2.5 times larger than the value derived from semiempirical models during the time interval we are interested. The semiempirical models are the assimilative mapping of ionospheric electrodynamic (AMIE) technique [Lu et al., 1998 ] and the Wiemer ionospheric convection model [Jordanova et al., 1999] . Both of the semiempirical models are derived from observations of many ground stations and both show large cross polar cap potential (110 to 200 kV) during the time interval between 0600 and 13:00 UT on 10 January 1997. While our simulated peak cross polar cap potential is around 400 kV and for the whole time interval the average cross polar cap potential is around 270 kV. The relative magnitude change of the cross-polar cap potential simulated from out model, which is a 40 -50 percent increase during the active period for the Northern Hemisphere, is about the same as that from the Weimer model. After comparing the derived Hall conductance from observations at Sonder Strom with our simulation, we found that the conductance derived from our model is $2 -2.5 times less than the observations. Because of this, the horizontal ionospheric current which comes mainly from Hall current still has a reasonable value. Actually, the ionospheric model in the global MHD model originates from the current continuity equation that states that the field aligned currents, J k , must be closed by the divergence of ionospheric current, namely rÁ J ? = J k , where J ? is the height-integrated perpendicular current. Therefore the ionospheric shell current J ? is of reasonable magnitude as long as the simulated J k in the magnetotpheric model is reasonable. As shown in section 3, the ground magnetic field perturbations derived from J ? are of reasonable magnitude compared to observations.
[31] Winglee et al. [1997] studied the global characteristics of the auroral oval during the Geospace Environment Modeling (GEM) campaign of the 27-28 January 1992 substorm event using four different models: the AMIE technique, the IZMIRAN electrodynamic model (IZMEM), the Weimer ionospheric convection model, and the threedimensional global fluid simulations. The global simulation model used by Winglee et al. [1997] is an independent global MHD model. They found that there is a significant disparity in the magnitudes of the cross-polar cap potential predicted by the different models. The AMIE model predicts the lowest potential, followed by the Weimer model, IZMEM, and the global MHD models. The typical factor between the highest and lowest is between 1.5 and 3. The relative change in the magnitude of the cross-polar cap potential is about the same for the different models. More recently, with another independent global MHD model, Raeder et al. [2001] reported that the polar cap potential for the 24 November 1996 substorm event is about twice that of the potential derived from AMIE model. It is noted that at some time intervals, the field aligned current is of similar magnitude for the two models. It appears that the discrepancy in the ionospheric conductances cause the discrepancy in the potential values [Raeder et al., 2001] .
[32] Why do global MHD models give higher polar cap potential than those derived from semiempirical models for some substorm events? It is still under investigation and needs further work. Our speculation is that this is due to the absence of realistic ring current effects in the global MHD models. With long period of strong southward IMF, (for example, the Wind satellite shows more than 7 hour (from 0500 to 1200 UT) of southward B z greater than 10 nT on 10 January 1997), the simulation shows that the tail lobe density decreases in the near-Earth region. The region 2 current in the ionosphere that is closed by the westward ring current is not well developed to feed back to the magnetosphere and maintain enough density level in the lobe. Lu et al. [1998] show observations of large ring current energy injection (around 300 GW) during the time period of interest. Low lobe density will have a direct effect on the precipitating electron flux derived from the equations (5), (7), and (8). The precipitating electron flux is proportional to the density at the inner boundary of magnetosphere model. The ionospheric Pedersen and Hall conductance derived from equations (2) and (3) is small when the precipitating electron flux is small. Actually, during the time period studied for the 10 January 1997 event the simulated maximum total Hall conductance is less than 10 mhos. With reasonable magnitude of the fieldaligned current and insufficient ionospheric conductance, the resulting ionospheric potential is high. Therefore the abnormal high ionospheric electric potential is due to the absence of the ring current in the MHD model. A better ionospheric conductance model might also help to remedy this problem. We agree that the results presented here can be improved when global MHD model resolves this problem and that will be the focus of our future work.
Summary
[33] In this paper, we have presented a model to calculate the perturbed magnetic field at magnetometer sites from the output of the global MHD LFM code. The model uses the computed ionospheric current density distribution and the height dependence of the electrojet (determined by the energy of precipitating electrons) to calculate the perturbed magnetic field by implementing Biot-Savart's law. By applying it to 10 January 1997 magnetic storm event we calculated the perturbed magnetic field for four stations and compared them with observation from the magnetometers. The comparison shows reasonable agreement between observations and simulations. The model including the current layer height dependence on the precipitating electron energy reduces by 10% the error compared to the model with a fixed current sheet height. The limitations of the global MHD model in calculating ground observed perturbed magnetic field were also discussed. This model therefore expands the capability of the global MHD simulation to simulate individual ground magnetometer.
[34] Although the model including the height dependence of current sheet layer can improve the calculation results, the magnitude of our calculation is still less than the observations in active periods. We expect that predictions of empirical quantities will be improved as the MHD models incorporate realistic ring current model and better ionospheric conductance model. We will use this model with higher-resolution MHD runs. Also, we will improve our model for stations outside the polar cap boundary by including the effect of the parallel currents that may have a stronger influence compared to stations within the polar cap where opposing parallel currents have a tendency to cancel each other's contribution to the magnetic field. The ground magnetic field perturbations studied in this paper are caused by the solar wind density variations. In the future, in order to differentiate between solar wind velocity and density as drivers of magnetospheric response, we will simulate several events that have solar wind pressure changes for which some are dominated by the solar wind density changes and others caused by changes in the solar wind velocity.
